We investigate the charging state of an isolated single dangling bond formed on an unpassivated Si(100) surface with c(4 × 2) reconstruction, by comparing scanning tunneling microscopy and spectroscopy analysis with density functional theory calculations. The dangling bond is created by placing a single hydrogen atom on the bare surface with the tip of a scanning tunneling microscope. The H atom passivates one of the dimer dangling bonds responsible for the surface one-dimensional electronic structure. This leaves a second dangling at the reacted surface dimer which breaks the surface periodicity. We consider two possible H adsorption configurations for both the neutral and the doped situation (n-and p-type). In the case of n-doping we find that the single dangling bond state is doubly occupied and the most stable configuration is that with H bonded to the bottom Si atom of the surface dimer. In the case of p-doping the dangling bond is instead empty and the configuration with the H attached to the top atom of the dimer is the most stable. Importantly the two configurations have different scattering properties and phase shift fingerprints. This might open up interesting perspectives for fabricating a switching device by tuning the doping level or by locally charging the single dangling bond state.
I. INTRODUCTION
Despite the growing interest in novel materials platforms for implementing the next generation of nano-electronic devices, the Si(100) surface still remains the most important substrate for applications. [1] [2] [3] [4] [5] [6] Its high stability and the possibility of manipulating and functionalizing the surface properties at the atomic level are opening up new perspectives for a wide range of applications. These range from transistor downscaling, dictated by Moore's law, to quantum computing. [7] [8] [9] [10] The adsorption of single atoms and small inorganic molecules is a key enabling tool for controlling the passivation, oxidation, and epitaxial growth of the surface. Hydrogen passivated Si(100), for example, can be patterned by desorbing H atoms with the tip of a scanning tunneling microscope (STM) and a variety of arrangements of coupled dangling bonds (quantum dots) can be created. [11] [12] [13] [14] [15] While the electronic properties of a single dangling bond on an otherwise passivated surface are well understood, an exhaustive spectroscopic characterization of the charging state of the single dangling bond on a bare (unpassivated) Si(100) surface is lacking.
Previous reports on the STM characterization of H atoms on Si(100) 16, 17 have dealt with the room temperature imaging of low doped (∼1 cm) n-type and high-doped (∼0.004 cm) p-type samples. These have been corroborated by topography density functional theory (DFT) calculations using a p(1 × 2) reconstructed surface. Here we perform a thorough combined experimental and theoretical analysis of both the topographic and the spectroscopic properties of single dangling bonds on the Si(100) surface when the surface is in different doping states. In particular, we consider low resistivity samples (∼0.003 cm for both n-and p-doping) and low temperature measurements (77 K), a situation where the surface is found in a thermally stable c(4 × 2) reconstruction. [18] [19] [20] In addition, to describing more precisely the isolated adsorbate by applying large unit cell (see below for details), we present its spatially resolved electronic structure in the entire energy range from +1 to −1 V where all surface features are located.
In particular, scanning tunneling spectroscopy (STS) maps of the local density of states (LDOS) recovered from the dI/dV 21 are compared with the LDOS obtained from firstprinciples calculations to extract information about the charging state configurations of the single dangling bond (SDB). A SDB is created by placing a H atom on the dimer of a clean Si(100) surface with c(4 × 2) reconstruction. The adsorption of H can be performed by using an STM tip. The H atom passivates one of the two dangling bonds of the Si dimer, breaking the Si-Si dimer π bond and leaving an isolated dangling bond on the other site of the dimer. 22 The type of electronic state originating from the SDB depends on whether the H atom sits on the top atom of the Si surface dimer, H T , or on the bottom atom H B . It also depends on the doping of the sample and on the surface strain. The two configurations, shown in Fig. 1 , have been investigated for the intrinsic case (no doping) and for heavily n-and p-doped samples.
II. METHODS
First principles calculations are performed with the DFT VASP package, 23 using projected augmented wave (PAW) potentials together with the Perdew-Burke-Ernzerhof form of the generalized gradient approximation (PBE-GGA) to the exchange and correlation functional. [24] [25] [26] The electronic properties of the c(4 × 2) reconstructed surface are calculated with a supercell and periodic boundary conditions. This contains 441 atoms arranged over 9 Si layers, one H passivating layer at the bottom of the cell and a 12Å vacuum region at the top. Two rows of 10 alternating dimers form the topmost surface layer (see Fig. 1 ). The cutoff radius for the plane-waves expansion is set to 500 eV and a 3 × 3 × 1 k-points mesh spans the Brillouin zone. Doping is introduced by adding (or subtracting) one unit charge to the supercell and by compensating with a neutralizing uniform background. Due to the periodic boundary conditions, our system is equivalent to a quantum well where the H at the SDB site creates the potential barriers. The STM images have been simulated within the Tersoff-Hamann approximation 27, 28 by integrating the local DOS over an energy range around the Fermi level, E F . The selected isosurface value corresponds to a distance of about 4 A from the surface. This is a reasonable value considering the generally incorrect decay of the wave function in vacuum due to the incompleteness of the plane-wave basis set used and the erroneous asymptotic behavior of the GGA potential.
STM experiments are performed using a Createc cryogenic system described elsewhere. 21 Both n-type (As, 0.001-0.005 cm) and p-type (B, 0.001-0.005 cm) Si(100) samples are used mounted on a triple sample holder containing also a Pt crystalline surface for tip preparation and characterization. In situ Pt-inked tungsten probe 29 is used in the STM. Sub-monolayer atomic hydrogen coverage is deposited on the clean surface at 200 K via heated tungsten capillary. The H atoms are manipulated by transferring them on and from the STM probe applying high biases (5-6 V) with different polarities. The spectroscopic results are obtained with variable-height scanning tunneling spectroscopy (VH-STS) 21 at 77 K.
III. RESULTS AND DISCUSSION
We have shown before 30 that for heavily n-doped samples (ρ∼0.001 cm), H B is the most stable configuration. This is confirmed by DFT total energy calculations predicting H B to be 136 meV lower in energy with respect to H T for n-doping. The same feature is found in the neutral case although the energy difference between H B and H T becomes only 26 meV. Reusch et al. found comparable total energies for similar configurations 16 and a similar trend was also found for Ge(001). 31 By comparing the local density of state (LDOS) for the undoped and n-doped configurations it is possible to extract information about the charging state of the SDB. H B on the neutral surface is characterized by a spin-polarized ground state with a localized spin split level at the SDB site. This gives a clear indication that such a state contains only one electron. The simulated LDOS as function of position along the dimer row and energy (in eV) is shown in Fig. 2 , where the balls-and-sticks model indicates the position of the H atom and, consequently, of the SDB. Due to the periodic boundary conditions used here, the system is equivalent to a ∼40Å long quantum well with H atoms acting as potential barriers. The LDOS shows a partially filled spin up level 0.4 eV below E F (see Fig. 2 top panel) and an empty spin down level at around 0.1 eV above E F (see Fig. 2 bottom panel) . Both these levels are localized at the site facing the H atom (see Fig. 3 ). The peak in the LDOS located at around 0.15 eV and present for both the spin channels is the first quantum well standing wave. In the minority spin channel this is partially hybridized with the state localized at the SDB site. Note that this is just an artifact of the periodic boundary conditions used for the calculations and it will not be discussed further.
When the surface is n-doped the ground state is no longer spin-polarized. The simulated DOS shows a single level at around 0.2 eV below E F localized at the SDB site, suggesting that the SDB is doubly occupied (see Fig. 4 top panel) . The band bending around the SDB site confirms this picture: the 
FIG. 4. (Color online) Calculated LDOS (top) for the n-doped
H B is compared with the experimental LDOS for the majority specie (second panel from the top). The SDB state is found to be at around 0.2 eV below E F and it is doubly occupied. The spin-up and spin-down LDOS for the n-doped H T is shown for completeness (respectively third and fourth panel from the top). The absence of band bending at the reacted site and the presence of spin-split delocalized states across E F for H T contrast the experimental finding (second panel) and allow us to attribute the binding site to H B . DOS in n-doping conditions reveals a pronounced upward band bending due to the extra charge while this is negligible for the undoped case, in very good agreement with our spectroscopic data (see Fig. 4, second panel from the top) . Note that the calculated band curvature is more prominent than expected due to the periodic boundary conditions. The effect of the electrostatic repulsion due to the extra charge located at the SDB site is reflected in the structural properties of the system. The dimer bond length increases from 2.397Å to 2.453Å and the buckling angle goes from almost 0
• to around 8
• (see Table I for the structural data). When going from single to the double occupation the Si atom hosting the dangling bond changes its bonding configuration from a mixed sp 2 -sp 3 hybridization to a prevalent sp 3 character, i.e., the SDB has more s character.
Experimentally in n-doped samples we find the H T configuration to appear with a frequency of less than 1% and it is thus defined as the minority specie. A negative bias causes the entire dimer row to flip to a H B configuration so that only the positive bias region of the DOS (conduction band) is available. 30 Therefore, we will not discuss this case in detail. Still in Fig. 4 we present the calculated LDOS for the H T configuration in n-doping conditions for majority and minority spins. The images denote a lack of band-bending and the presence of a spin-split delocalized states across E F . These features are absent in the experimental STM spectra for the majority specie, which is then conclusive assigned to H B .
Our calculations show the undoped H T configuration having a non-spin-polarized ground state. The electron at the SDB state spreads along the neighboring dimers and gives rise to a level crossing E F . The dimer buckling angle at the SDB site is ∼10
• , suggesting that the bonding configuration of the Si atom hosting the dangling bond is sp 2 -like and the dangling bond is empty. These results are in good agreement with the HH2 antiparallel configuration described by Radny et al., who found a buckling angle of 9.6
• . 17 We now move our attention to the p-doping situation. STM experiments of Si-Si-H hemihydrides on the Si(100) surface show the dangling bond appearing as a bright protrusion, while a depression is present on the opposite side of the dimer, for both filled and empty states. 32, 33 A comparison between the experimental and the computed topographic images for p-doped surfaces shows the H T configuration to best match the data. In fact, although the simulated images for the filled states reveal that both H T and H B may agree with the experiments, only H T reproduces the measured empty states topography (see Fig. 5 ). Our calculations show that, after a full relaxation, H B undergoes an inversion in the dimer buckling, as reported in Table I . Such a new relaxed structure, called hereafter H 3DIM , presents the reacted dimer tilted in phase relative to its nearest neighbors. Total energy calculations predict H T to be 111 meV lower than H 3DIM in good agreement with an energy difference of 140 meV previously reported. 16 This energy difference is mostly due to the structural distortion induced by the H 3DIM configuration, which is less efficient in accommodating the surface strain. This configuration has never been observed experimentally.
STS data and calculated local DOS are in a good agreement and establish that the single dangling bond state is empty (Fig. 6) . This is confirmed by a pronounced downward band bending which is expected due to the positive charge around the SDB site (Fig. 6) . The SDB state appears as a bright red spot around 0.2 eV above E F for the calculated LDOS (see Fig. 6 top panel) and around 0.5 eV in experiments (see Fig. 6 bottom panel) at a spatial position corresponding to the H site. The buckling angle of ∼11
• suggests that the bonding configuration of Si atom at the SDB site is sp 2 -like, due to the absence of electrons at the SDB state.
IV. CONCLUSIONS
In conclusion, DFT calculations together with STM/STS experiments allowed us to unequivocally characterize the geometry and the charging state of SDB on the Si(100) surface in different doping conditions. For n-doping the H-produced SDB is double occupied with the H B configuration being the lowest in energy. This configuration coincides with the majority specie found in low temperature STM experiments. For p-doped samples the H T configuration is the lowest in energy and the SDB state is empty. Finally, according to our calculations, the SDB state is partially occupied and spin-polarized for the intrinsic neutral case. The buckling angle of the reacted dimer and, correspondingly, the bonding character of the Si atoms at SDB site reflects the occupation of the SDB state: (i) an sp 3 -like symmetry is found when the SDB is doubly occupied; (2) an sp 2 -like symmetry corresponds to an empty SDB state; (3) a hybrid configuration in between the two is found for a partial occupation (one electron in the SDB state). Such an interplay between charging and geometry might open the interesting prospective of fabricating an atomic-scale switching device. In fact by tuning the surface doping from p-type to n-type one may switch between the two H configurations. These have distinct scattering and transport properties, 30 so that the switch can be detected electrically.
